Introduction
============

Significant advances have been made in the treatment of locally advanced non-small cell lung cancer (NSCLC) over the past few decades. Many of the advances in the treatment of this disease have come from the works involving combined modality therapy, where the combination of chemotherapy with radiation treatments have made a significant impact in the outcome of these patients \[[@B1]\]. However, despite encouraging improvements in survival over the past few decades, the absolute overall survival (OS) and the outcome of the patients with locally advanced NSCLC remain poor. Active areas of research aimed at further improving the outcomes include determining appropriate sequencing of systemic treatments with radiation therapy (RT) in the combined modality setting, discovery of novel agents, and technological advances aimed at improving delivery of radiation treatments. One of the most intriguing and exciting discoveries includes the identification of molecular pathways and designing of targeted agents based on such pathways. For advanced NSCLC, we have now come upon an era where patients will benefit from the individualized therapeutic strategies based on the identifiable molecular characteristics of tumor, which should lead to better outcome and more effective clinical trial design. In depth classification of a patient\'s tumor molecular profile should, among other things, aid in the selection of the appropriate targeted agents to be used for that specific patient. This notion is becoming more and more attractive based on some of the landmark studies demonstrating the importance of molecular characterization of tumors in NSCLC patients, as reviewed below. Such works have ushered in a new era of clinical trial design, where molecular therapeutics, molecular diagnostics/profiling, and biomarker-based patient selection strategies have become integral components of current clinical trial development. Sobering, however, is the statistics reported from review of clinical trials for NSCLC worldwide in 2009 \[[@B2]\]. This study demonstrated that, although biomarker analysis was included in 37.5% of clinical trials for NSCLC, only 7.9% of these trials used biomarkers to actively select patients for the trials \[[@B2]\]. As we stand at the gateway of personalized medicine era for treatment of NSCLC patients, there is no doubt that we need to improve upon these statistics. In this article, we will review some of the different molecular therapeutic strategies that have made significant impact for NSCLC patients, and how these strategies may be integrated into combined modality therapy of locally advanced NSCLC patients by development of rationally designed clinical studies.

Molecular Therapeutic Agents for NSCLC
======================================

Recent discoveries in molecular biology have identified a number of molecular pathways that may be responsible for the etiology of cancer cell development, cancer cell progression and growth, and resistance of cancer cells to radiation or other cytotoxic agents. Therefore, these pathways are being explored as potential targets for augmentation of radiation response or chemotherapy response. Some of these agents have also been tested for use as primary therapy for lung cancer patients meeting the appropriate molecular profile. Truly in the last decade, there has been an explosion of new molecular targeted agents for use in lung cancer therapy. The challenge for a radiation oncologist in this molecular era is determining what would be the best method of integrating cytotoxic radiation treatments to a molecular based therapeutic plan.

Among this expanding list of molecular targets for NSCLC includes epidermal growth factor (EGF) and its receptor (EGFR), vascular endothelial growth factor (VEGF) and its receptor (VEGFR), anaplastic lymphoma kinase (ALK) fusion protein (EML4-ALK), B-Raf, *PIK3CA* gene, *ErbB2*(*Her2/neu*) amplification or mutant genes, mammalian target of rapamycin and various other molecules that regulate different steps in their signal transduction pathways \[[@B3]\]. While the preclinical data would suggest that all of these are extremely important and viable targets to be exploited in improving therapeutic efficacy, not all agents have proven to be beneficial in the clinical setting. A handful of agents have now gained United States Food and Drug Administration (FDA) approval for cancer therapy, while many other agents are undergoing clinical trials to determine their efficacy when used in combination therapy with other cytotoxic agents, including ionizing radiation. Some agents are potentially single pathway targeting agents, and others are able to target multiple molecular signaling pathways. The most clinically advanced of these strategies include agents targeting EGFR, VEGF/VEGFR, and ALK1 pathways. Due to the broad scope of this topic, we will primarily focus on these molecular agents that have received FDA approval. Molecular agents that have been studied in conjunction with radiation treatments in the clinical setting are outlined in [Table 1](#T1){ref-type="table"}.

1. EGFR
-------

Targeting EGFR is one of the model paradigms for development of combining RT with molecular based therapeutics. EGFR is also known as ErbB1, a member of the ErbB family of receptor tyrosine kinases which also includes ErbB2 (HER2/neu). EGFR is a 170-kD transmembrane glycoprotein with an intracellular domain possessing intrinsic tyrosine kinase activity. On binding to a ligand, such as EGF or transforming growth factor-α, EGFR undergoes autophosphorylation and initiates transduction signals regulating cell division, metastases, angiogenesis, proliferation, and differentiation. EGFR plays an important role in tumor growth and response to cytotoxic agents, including ionizing radiation. The receptor is frequently expressed in high levels in many types of cancer, which is often associated with more aggressive tumors, poor patient prognosis, and tumor resistance to treatment with cytotoxic agents including radiation \[[@B4]-[@B8]\]. *In vitro* experimental studies have provided solid evidence linking EGFR with resistance to cytotoxic drugs \[[@B5],[@B9]-[@B11]\]. *In vivo* studies have shown that blockade of EGFR, such as with cetuximab, anti-EGFR monoclonal antibody, or interference with its downstream signaling processes can improve tumor treatment with both chemotherapeutic agents and radiation \[[@B12],[@B13]\]. Furthermore, over-expression of the constitutively active variant, EGFRvIII also has been correlated with enhanced radio-resistance \[[@B14]\]. Preclinical data therefore, have generally supported a strong rationale for combining EGFR inhibitors with radiation treatments.

Broadly speaking, two furthest developed strategies for inhibiting EGFR include use of monoclonal antibodies (mAB) against the EGFR receptor and small molecule tyrosine kinase inhibitors (TKIs). Cetuximab and Panitumumab are examples of mABs, and mechanism includes blocking the extracellular binding domain that inhibits dimer formation. TKIs such as gefitinib and erlotinib, target the intracellular tyrosine kinase domain \[[@B10]\]. However, the activity of EGFR is complicated by the signal diversity due to the formation of homo- and heterodimers with other members of the ErbB family and by the specific autophosphorylation patterns within each ErbB family member. This is further compounded by the identification of specific mutations within EGFR that confer sensitivity to certain EGFR inhibitors. The approach of combining an anti-EGFR therapy with cytotoxic agents including radiation in the treatment of patients with cancer remains an area of active investigation \[[@B15]-[@B20]\].

### 1) Cetuximab (Erbitux)

Cetuximab is a chimeric mouse anti-EGFR mAB, and is perhaps the most widely studied and developed mAB in this class. While the main study defining the role of cetuximab in conjunction with RT has been based on positive experience in head and neck squamous cell carcinoma patients \[[@B18]\], this agent has also been studied extensively in NSCLC patients.

Of note, recent phase II studies for stage III NSCLC were reported by the Radiation Therapy Oncology Group (RTOG) (RTOG 0324) and Cancer and Leukemia Group B (CALGB) groups \[[@B21],[@B22]\]. In the randomized phase II CALGB study, two novel chemotherapy regimens in combination with concurrent RT was investigated in stage III NSCLC patients. The first group received carboplatin (AUC 5), pemetrexed (500 mg/m^2^) every 21 days for four cycles with 70 Gy of RT. The second group received the same with addition of cetuximab. Both groups received four cycles of pemetrexed as consolidation therapy. The primary endpoint was 18-month survival with goal of ≥ 55% at which the regimens would be deemed worthy of further study. The carboplatin/pemetrexed/RT arm demonstrated 18-month OS of 58%, and the group with cetuximab, demonstrated 18-month OS of 54%. Combination of thoracic radiation, pemetrexed, carboplatin, with or without cetuximab was demonstrated to be feasible and fairly well tolerated \[[@B22]\].

In the RTOG study, patients were treated with combination of taxol/carboplatin, and cetuximab (225 mg/m^2^) for 6 weekly cycles, with 6,300 cGy of fractionated RT. All patients received a loading dose (400 mg/m^2^) of cetuximab 1 week prior to RT, and patients received carboplatin/taxol/cetuximab for 2 additional cycles after completion of radiation treatments. This study demonstrated median survival of 22.7 months, and 2-year OS of 49.3% \[[@B21]\]. Due to the very promising results, cetuximab was included into the RTOG 0617 trial, which is a large randomized phase III study, which also compares two different radiation doses (60 Gy vs. 74 Gy) with concurrent chemotherapy. Current randomization includes chemotherapy plus cetuximab plus RT vs. chemotherapy plus RT, followed by adjuvant chemotherapy vs. chemotherapy plus cetuximab. Results of this study are pending as it is a currently ongoing study.

### 2) Gefitinib (Iressa)

Gefitinib is approved for use as single agent in treatment of chemotherapy refractory NSCLC \[[@B10]\]. It is known to inhibit primarily the EGFR tyrosine kinase, but also has shown some activity for HER-2 kinase albeit at a much lower level \[[@B10]\]. This agents demonstrated promise in phase II studies (Iressa Dose Evaluation in Advanced Lung Cancer \[IDEAL\]-1, and IDEAL-2) \[[@B23],[@B24]\], but had disappointing results in phase III trials (\'Iressa\' NSCLC Trials Assessing Combination Treatment \[INTACT\]-1, and INTACT-2) where it failed to demonstrate additional benefit to standard chemotherapy for advanced lung cancer patients \[[@B25],[@B26]\]. However, subset of patients were noted to have significant response to gefitinib, and subsequently this led to discovery that mutations in the EGFR tyrosine kinase domain may predict for positive response to gefitinib \[[@B27],[@B28]\].

Southwest Oncology Group performed a large phase III trial where stage III NSCLC patients were treated with standard chemo/RT, and after consolidation with docetaxel for 3 cycles, the patients were randomized to maintenance therapy with placebo, or gefitinib 250 mg/day. These were unselected patient population. At interim analysis, patients on the gefitinib maintenance arm had worse OS, and therefore the study was closed \[[@B20]\].

CALGB 30106 \[[@B29]\] is a phase II study designed to evaluate the addition of gefitinib to sequential or concurrent chemoradiotherapy in unresectable NSCLC patients. Patients were categorized into poor risk (≥2 and ≥5% weight loss) and good risk strata (performance status \[PS\] 0-1, weight loss \<5%). All patients received induction chemotherapy with two cycles carboplatin (AUC 6), and paclitaxel (200 mg/m^2^), plus gefitinib 250 mg from days 1-21. Gefitinib was removed from induction in May 2004 when a randomized phase III trial did not demonstrate a benefit to adding gefitinib with chemotherapy \[[@B20]\]. Poor risk group received 6,600 cGy of External Beam Radiation Therapy (XRT or EBRT) delivered in 33 fractions, with gefitinib 250 mg/day. Good risk stratum patients received same RT and gefitinib, but also received weekly carboplatin (AUC 2), and paclitaxel (50 mg/m^2^). Consolidation gefitinib was given until progression. For poor risk, progression free survival (PFS) was 13.4 months, and median OS was 19 months. In good risk stratum, PFS was 9.2 months, and median OS was 13 months. Thirteen of 45 tumors had activating *EGFR* mutations, and 2/13 had T790M mutations. Seven of 45 tumors had *KRAS* mutations. When analyzed by these molecular phenotypes, no significant difference in outcome was noted. Interestingly, poor risk stratum who received radiation plus gefitinib after induction chemotherapy demonstrated promising survival and PFS outcomes. This will lead to further studies designed to elucidate the role of gefitinib and RT in poor performance status patients with stage III NSCLC. Meanwhile, the good risk stratum patients did not demonstrate a very good outcome, suggesting that addition of gefitinib to chemotherapy/RT regimen may not be beneficial in this patient population. This is consistent with studies of erlotinib and chemoradiation therapy \[[@B30]\].

### 3) Erlotinib (Tarceva)

Erlotinib is also an EGFR TKI that has been approved for use by the US FDA. It also seems to be a fairly potent inhibitor of signaling mediated by mutant EGFRvIII receptor \[[@B10]\]. Findings from two large phase III studies, The Tarceva Lung Cancer Investigation (TALENT) \[[@B31]\] and Tarceva Responses in Conjunction with Paclitaxel and Carboplatin (TRIBUTE) \[[@B32]\] trials demonstrated no significant benefit to the addition of erlotinib to chemotherapy to OS in patients with advanced lung cancer \[[@B31],[@B32]\]. Similar to the gefitinib studies, the lack of demonstrable global benefit to erlotinib pointed to the need for stringent patient selection criteria. In the TRIBUTE study, addition of erlotinib to carboplatin and taxol improved PFS and OS only in the subset of never smokers. National Cancer Institute (NCI) Canada conducted a phase III study of patients with stage IIIB or IV NSCLC, who had failed 1-2 prior chemotherapy regimens. Patients were randomized to receive erlotinib or placebo. OS was improved with erlotinib (6.7 months vs. 4.7 months), and response rate, time to symptomatic progression, PFS were also improved \[[@B33]\]. Since EGFR TKIs appear to be most effective in never smokers and those with *EGFR* mutations, this question was studied in a phase II study by CALGB group (CALGB 30406). This study evaluated patients who were never/light smokers, and patients were randomized to E (Erbitux) alone, or Erbitux, carboplatin, paclitaxel. This study has only been reported in an abstract form. At median follow up of 30 months, there was no statistically significant difference in PFS with the addition of Erbitux. However, patients with *EGFR* mutation had significantly improved PFS and OS in both treatment groups compared to patients who did not harbor the *EGFR* mutation \[[@B34]\].

Potential role for Erlotinib as maintenance therapy for patients with advanced NSCLC after four cycles of platinum-based doublet chemotherapy was reported as a pre-planned analysis of the Sequential Tarceva in Unresectable NSCLC (SATURN) study \[[@B35]\]. In this study, following first line chemotherapy, patients were randomized to erlotinib (150 mg/day) or placebo until progression or unacceptable toxicity. Interestingly, erlotinib maintenance therapy improved PFS in patients who had achieved response (complete response/partial response \[PR\]/ stable disease \[SD\]), while OS was significantly improved in patients who had SD after chemotherapy. The latter survival benefit was significant irrespective of tumor histology and/or *EGFR* mutation status. Erlotinib maintenance also did not negatively impact quality of life \[[@B35]\].

Choong et al. \[[@B30]\] reported on a ping-pong phase I study of Erlotinib with chemoradiotherapy. One group received induction carboplatin and paclitaxel followed by carboplatin/paclitaxel/RT/+erlotinib, while a second group received cisplatin/etoposide/RT+erlotinib followed by taxotere. Erlotinib dose was escalated from 50 mg to 150 mg in three levels in each arm. Median survival in each group was 13.7 months and 10.2 months respectively, with patients who developed rash having an improvement in OS and PFS. This study demonstrates tolerability of such regimen, but with fairly disappointing survival data \[[@B30]\], once again pointing to the need for improved patient selection when using EGFR based treatments.

### 4) Summary EGFR studies

Tremendous efforts have been made to establish the role of combining anti-EGFR targeted compounds with radiation and chemoradiation therapy in many different malignancies. The paradigm for success is the demonstrable benefit of adding mAB cetuximab with RT for patients with locally advanced head and neck cancer. Interestingly, cetuximab is being investigated as a promising agent for combination with chemo/RT in locally advanced NSCLC (RTOG 0617) based on promising data from RTOG 0324 studies \[[@B21]\]. Meanwhile, in locally advanced NSCLC patients, anti-EGFR TKIs have shown no demonstrable benefit in the maintenance/adjuvant setting after chemoradiation treatments. Interestingly, studies have demonstrated that patient selection may be important when designing studies involving EGFR targeted agents. Patients with activating *EGFR* mutations may need to be categorically selected out from the general wild type (WT) *EGFR* population based on studies suggesting significant benefit for *EGFR* targeted therapeutics in the mutated *EGFR* patients. Meanwhile, other studies involving only chemotherapeutic agents, suggests that EGFR TKIs may demonstrate benefit in *EGFR* WT tumors for all patients who have had response to first line chemotherapeutics, when the TKI was used for maintenance setting \[[@B35]\]. This suggests that combination of EGFR targeted agents even when used sequentially with a consolidation or maintenance intent, may have differential response effects, for example, after first line chemoradiation treatments, as opposed to first line chemotherapy treatments. Perhaps after chemoradiation treatments, a repeat evaluation of biomarkers may help determine which subset of patients may have benefit from further therapy with anti-EGFR agents. Therefore, the importance of molecular profiling, and patient selection, such as *EGFR* mutation status, and smoking status in predicting efficacy of anti-EGFR based regimen has become apparent. Future studies involving anti-EGFR treatments in combination with radiation treatments should also incorporate such stringent patient selection criteria to maximize chance of providing benefit for the appropriate patient. Finally, when combining EGFR inhibitors with radiation, the efficacy may vary by tumor type, molecular profile, and also sequencing of the EGFR inhibitor therapy with respect to radiation treatments.

2. Anti-angiogenesis agents
---------------------------

Perhaps no other molecular targets have been investigated for possible tumor treatment strategies more than inhibitors of tumor angiogenesis or agents that act on the tumor vasculature. The formation of tumor vasculature, which is a prerequisite for progressive tumor growth, is initiated and sustained by angiogenic mediators secreted by tumor cells and cells from the surrounding stroma. Inhibitors of angiogenesis have undergone extensive preclinical testing, with some agents moving into clinical trials. Even though there were concerns that an antiangiogenic agent may impair the efficacy of radiotherapy via the enhancement of hypoxia, interestingly, the first clinical trial with a specific inhibitor of angiogenesis, angiostatin, showed a synergistic effect with radiation \[[@B36]\]. A model of normalization of tumor vasculature has been described by Jain \[[@B37]\]. In this model, pro-angiogenic factors from tumors can cause abnormal neovascularization, and inhibition of tumor angiogenesis transiently normalizes the tumor vasculature. This therefore, has the counterintuitive effect of decreasing tumor hypoxia and improving effectiveness of RT. Preclinical studies have been performed in support of this hypothesis, and phase I study of bevacizumab with 5-fluorouracil and RT preoperatively in locally advanced rectal cancer patients also supported this notion \[[@B38]\].

Other mechanisms implicated for consideration of combining radiation treatments with anti-angiogenic agents have been suggested. For example, some proangiogenic factors have been implicated in induction of expression of DNA repair enzymes. Another important mechanism of action includes the targeting of the tumor microenvironment with the combined mode of therapy. A body of preclinical data has suggested that at higher doses of radiation, tumor radio-sensitivity is directly linked to efficacy of endothelial cell death \[[@B39]\]. Therefore, at conventional fractionation dose (\~2 Gy per fraction), the relevance of endothelial cell as a target for radiocurability has been raised \[[@B40]\]. However, in preclinical studies, endothelial cell apoptosis may be induced at lower radiation doses by addition of anti-angiogenic drugs or by blocking targets such as phosphatidylinositol 3-kinase/AKT pathways which are activated by ionizing radiation on endothelial cells \[[@B41]\] suggesting additional mechanism of action for improving cytotoxic effects of radiotherapy in combination with such agents. Finally, radio-resistance of some tumors are thought to be in part mediated by presence of cancer stem cells. Interestingly, these cells have been shown to secrete significant amounts of VEGF \[[@B42]\], and raises the question of whether these tumor cells can become a more sensitive target to radiation treatments when combined with anti-angiogenic agents \[[@B43]\].

Similar to the EGFR inhibitors, anti-angiogenic compounds can broadly be classified as monoclonal antibodies directed against anti-angiogenic molecules or their receptors (mAB) or TKIs with narrow or broad spectrum activity against one or more of these receptors. Furthest clinically developed agents which have been FDA approved include the mAB bevacizumab, and TKIs sorafenib, sunitinib, pazopanib. In NSCLC, studies with bevacizumab have been performed with radiation.

### 1) Bevacizumab

Bevacizumab is a recombinant humanized monoclonal antibody that targets VEGF to inhibit their interaction with the VEGFR. It has a long circulating half life after IV infusion of up to 21 days. Bevacizumab was the first drug to receive approval by the FDA after demonstration of improvement in OS and time to disease progression when used as first line therapy with 5-FU in patients with advanced colorectal cancer. It has since demonstrated efficacy and activity in NSCLC, renal cell carcinoma, glioblastoma, ovarian cancer \[[@B40]\].

Efforts to improve therapeutic ratio by addition of bevacizumab to chemoradiation therapy has been attempted in multiple studies for both small cell lung cancer and NSCLC patients. Unfortunately, these studies have demonstrated that this regimen was associated with incidence of tracheo-esophageal fistula in both small cell and NSCLC cases \[[@B44]\]. Therefore, in the setting of lung cancer, patient selection factors (location of tumor, histology of tumor), and timing of integration of bevacizumab with RT needs to be considered, when designing further studies. Studies are underway aimed at determining potential role and sequencing of bevacizumab, when used with combined modality therapy, in patients with NSCLC.

### 2) Thalidomide

Thalidomide is an agent that was originally marketed as a sedative, and was initially taken off market due to concerns of teratogenicity. There has been a resurgence in use and interest in this agent, as it has since then been found to have potent immuno-modulatory effects as well as anti-angiogenic properties \[[@B45]\]. Although its effects are not limited to angiogenesis, there are also suggestions that thalidomide stimulates vessel maturation with implications of vascular normalization which may be an important strategy for anti-neoplastic therapy \[[@B46]\]. Therefore, use of thalidomide with or without RT has been investigated in preclinical and clinical settings \[[@B47]\].

Eastern Cooperative Oncology Group (ECOG) 3598 was a randomized study comparing chemo/RT with or without thalidomide in patients with stage III NSCLC. Patients underwent either carboplatin/taxol with or without thalidomide for 2 cycles, followed by either weekly carboplatin/taxol with RT (60 Gy in 6 weeks) with or without thalidomide, and in the thalidomide group, patients could be treated with adjuvant thalidomide for up to 2 years. There was no difference in PFS or OS with addition of thalidomide \[[@B48]\]. While this may suggest non-efficacy of such combination therapy regimen, another possibility is that such negative studies may point towards a need for a better patient selection when using specific agents.

### 3) Summary anti-angiogenesis agents

It is clear from these studies that efficacy and safety of anti-angiogenic agents in combination of radiation and chemoradiation therapy needs to be approached with great caution. It also appears that location of tumor and the agents used in combination with radiation may have a factor in determining the feasibility and tolerability of such regimen. Furthermore, given preclinical evidence that agents such as bevacizumab may improve tumor oxygenation and vascular normalization, it may be worthwhile to consider studies where RT is timed to occur during this window of vascular normalization, which may require more elegant study designs incorporating molecular imaging, and non-concurrent but rather a sequential administration of radiotherapy with these agents.

3. ALK inhibitors
-----------------

ALK fusion protein results in constitutive activation of ALK tyrosine kinase. Soda et al. \[[@B49]\] discovered the fusion of the *ALK* gene with *ELM4-ALK*. This *ELM4-ALK* fusion oncogene has become a very important potential biomarker for patients with NSCLC. The frequency of *ALK* translocation ranges from 3-7% in unselected NSCLC patients. Furthermore, similar to *EGFR* mutations, this translocation is seen more frequently in adenocarcinomas, and patients with no or light smoking history. Furthermore, *ALK* translocations appear to be mutually exclusive with *EGFR* and *KRAS* mutations \[[@B50]\]. Several ALK inhibitors have been identified, the furthest developed of which is crizotinib.

### 1) Crizotinib

Crizotinib is an ALK kinase inhibitor, initially designed as inhibitor, but has been found to be clinically effective as ALK inhibitor in NSCLC patients harboring *ALK* translocations \[[@B50]\]. In a phase I trial of 82 patients selected for *ALK* translocation (out of over 1,500 patients), an impressive response rate of 57% was noted \[[@B51]\]. Based on this very promising phase I study, this agent has entered phase III studies directly. This agent has received FDA approval for patients with NSCLC with *ALK* translocation. There are no significant data to suggest a radio-sensitizing or synergistic effect when combined with RT concurrently. However, since agents such as crizotinib targets a very specific population of cancer patients, yielding a potential for high level of response, one strategy being considered is to select patients early on using biomarkers to select patients for clinicial trials involving the use of crizotinib.

Strategies for Effective Clinical Trial Design in the Era of Personalized Medicine for Locally Advanced NSCLC
=============================================================================================================

While high impact molecular discoveries and effective combined modality treatment realizations have been of significant importance in the field of oncology, another area that has made significant strides and impact on cancer therapeutics is the concept of molecular selection of patients for appropriate therapy. One of the best examples of such is in the field of breast cancer where hormonal therapy, and herceptin treatments are selectively given to patients whose tumors demonstrate appropriate molecular criteria (estrogen receptor positivity, and HER2/NEU over expression) based on the clinical evidence that such patients are most likely to derive benefit from these agents \[[@B52]\]. Another spectacular example of success when drug was applied to appropriately selected patients is the model of the impact of imatinib for treatment of patients with c-kit harboring gastrointestinal stromal tumors \[[@B53]\]. Predictive value of *KRAS* mutation status for anti-EGFR therapy is established for patients with metastatic colorectal cancer \[[@B54]\]. Meanwhile, abundant studies are in progress and/or have been performed to attempt to determine biomarkers that may provide prognostic or therapeutic information. Multigene assay (Oncotype DX) \[[@B55]\] for example, is already in use in clinical practice for patients with breast cancer. Genomic signatures or biomarkers of response to chemotherapy of tumor, to survival, or to metastatic potential of tumor have been studied \[[@B56]\]. Similarly, while efforts to study and identify biomarkers for radiation response, sensitivity, resistance, or toxicity are being investigated, mature data for use in clinical setting have not yet been accumulated.

1. Incorporating biomarker studies in to the clinical trial design
------------------------------------------------------------------

In NSCLC, as detailed above, studies have demonstrated that patients with *EGFR* activating mutations derived a striking response rates, and improved PFS to anti-EGFR strategies, even in the metastatic setting, while patients with *ALK* fusion gene had a remarkable response rate when treated with crizotinib. Elucidation of other molecular targeted agents and biomarker identification to predict response to such agents continues to be an area of active research. What are the current biomarkers available to use, and what is the feasibility of utilizing such biomarkers for rational clinical trial design in the era of personalized medicine? Currently, the leading biomarkers for design of personalized combined modality therapy regimens remain analyzing for *EGFR* mutations, and *ALK* translocations. In the *EGFR* WT and non-rearranged *ALK* population, studies have yet to identify predictive biomarkers despite several ongoing promising studies, such as that involving use of proteomic analysis \[[@B57]\].

Interestingly, studies spanning Europe, US, and Asia have uniformly indicated that up to 80% of original biopsies could be successfully tested for molecular studies, and fluorescence *in situ* hydridization, immunohistochemistry, and mutation analysis could be available within 5-7 working days \[[@B58],[@B59]\]. This suggests that biomarker testing in the context of *EGFR* mutations and *ALK* translocations should be certainly feasible for incorporation into clinical trial design. Therefore, at minimum, given remarkable findings of these studies, we should be performing *ALK* and *EGFR* testing to broadly classify clinical trials into mutation positive, *ALK* translocation positive, and otherwise negative categories. Furthermore, investigators designing clinical trials utilizing novel agents should actively incorporate biomarker evaluations, to determine which biomarkers may aid in patient selection for their targeted agent.

Another area of active interest would be incorporation of imaging technology into patient selection process. For example when considering vasculature targeting agents, could pretreatment and post-treatment imaging studies of the tumor vasculature help aid in patient selection? With advent of molecular imaging technology, it would be truly remarkable if personalized medicine could involve such non-invasive assessment tools as a surrogate marker of molecular processes, to aid in patient selection criteria.

2. Clinical trial design in the era of personalized medicine using molecularly tailored therapeutics
----------------------------------------------------------------------------------------------------

Therefore, clinical trial design for combined modality therapy in the next decade, will require a level of complexity beyond formulaic addition of two cytotoxic agents to elucidate a synergistic response. It will require an in depth understanding of molecular pathways of the individual cytotoxic agents, including chemotherapy, targeted agents, and ionizing radiation. Such will provide the basis for rationally designed experiments and clinical studies that will most effectively combine chemotherapeutic and biologic agents with RT. Furthermore, carefully designed preclinical studies using appropriate *in vivo* tumor models will be necessary to help guide the appropriate timing, and mode of RT for a particular cancer type. Thoughtful incorporation of RT technology, and dose fractionation schemes with the appropriate systemic therapy will be required. Finally, incorporation of molecular selection strategies using appropriate biomarkers, or imaging tools as surrogate biomarkers, to design studies aimed at determining what would be the most appropriate and tailored therapeutic strategy for each of the various subset of patients, should be the focus of future clinical trial designs.

As a way of example, when designing clinical trials for stage III NSCLC patients, patients enrolled can be categorized into three subsets based on *ALK* and *EGFR* status: i) wildtype *EGFR*, ii) mutant *EGFR*, iii) rearranged *ALK*. Clinical trial design should then be tailored for each subset of patients ([Fig. 1](#F1){ref-type="fig"}). For example, in patients with *ALK* translocations, randomized trial incorporating crizotinib monotherapy up front as one of the randomization arms, may be a strong consideration, as opposed to treating these patients with chemo/RT regimens upfront. On the other hand, for a subset of patients without mutations, clinical trial design may focus on incorporating novel molecular targets, or systemic agents with standard chemoradiotherapy (+cetuximab) as they are unlikely to benefit from crizotinib or EGFR TKI based treatments.

3. Molecular agents to consider for future combined modality studies for NSCLC
------------------------------------------------------------------------------

While there is significant work to be done in terms of designing effective clinical trials incorporating radiation treatments with the currently known molecular determinants (EGFR, ALK), it is also important to realize that there continues to be novel agents coming down the pipeline, some of which show significant promise. As we strive to design combined modality therapy clinical trials aimed at personalizing NSCLC therapy, one focus would be to determine how best to integrate novel compounds and their biomarkers in to these studies. One group of agents receiving significant interest, for example, are the second generation TKIs designed to combat the emerging resistance to a first line EGFR TKI therapy as described below. An all inclusive list of the numerous novel compounds in development would not be possible to discuss within the scope of this article, but some of the interesting new compounds gaining significant attention in the NSCLC field are briefly discussed below.

### 1) PF299804

Several studies, as noted above have demonstrated that patients with NSCLC with *EGFR* activating mutations are excellent candidates for therapy with EGFR TKIs. Unfortunately, while response to TKIs can be impressive, they are not always durable, as further mutations which can cause resistance to the first line TKI therapy. One such mutation is the T790M (exon 20) mutation which causes treatment resistance to first line TKI drugs \[[@B60]\].

PF299804 is an irreversible TKI which is a pan-Her inhibitor and exhibits activity against both Her2 and Her4. It also inhibits *EGFR* activating mutations, as well as T790M resistance mutations \[[@B61]\]. A phase I study demonstrated good tolerance to this agent, and 4 patients in this study who had NSCLC with prior treatment with a first line TKI, demonstrated partial response to PF299804 \[[@B62]\]. Patients with *K-ras* WT NSCLC who have failed erlotinib are being enrolled in a two arm phase II study treating adenocarcinoma and non-adenocarcinoma patients with this agent. Preliminary findings report stable disease in 9/18 evaluable patients in the adenocarcinoma arm, and 1 out of 2 patients in the non-adenocarcinoma arm \[[@B63]\].

### 2) BIBW2992 (Afatanib)

This is also a second generation TKI. Preclinical studies have demonstrated that this agent is a potent irreversible inhibitor of EGFR, and mutated EGFR receptors, including the T790M variant, as well as Her2. Preclinical studies have also suggested additive effects for combination of BIBW2992 with RT, when higher doses of RT was used (20 Gy) in human squamous cell carcinoma cells \[[@B64]\]. Phase I study with BIBW2992 has been reported in patients with advanced solid tumors \[[@B65]\]. BIBW 2992 was generally well-tolerated. The most common adverse effects included diarrhea, nausea, vomiting, rash, and fatigue. Dose-limiting toxicities included grade 3 rash (n=2) and reversible dyspnea secondary to pneumonitis (n=1). Three patients with NSCLC (two with in-frame exon 19 mutation deletions) experienced confirmed PRs sustained for 24, 18, and 34 months, respectively. Several phase II and III trials of this agent are underway in selected NSCLC patients. For example, the LUX-Lung 5 and LUX-Lung 6 trials are studying the role of BIBW2992 in patients who have failed erlotinib/gefinitib, and those with *EGFR* activating mutations respectively.

### 3) Neratinib

Neratinib is an irreversible pan-ErbB TKI that is being studied as an agent that among other things may potentially overcome resistance due to T790M mutations. Neratinib has been shown to inhibit the growth of T790M mutant cells *in vitro* in human lung cancer cell lines and in murine cells transfected with sensitizing *EGFR* mutations \[[@B66]\]. A phase I study demonstrated dose limiting toxicity to be diarrhea, and activity was noted in several heavily pretreated patients with NSCLC \[[@B67]\]. This led to a phase II study recently reported in 2010 in patients with advanced NSCLC. In this study, they examined the role of neratinib in patients who had prior TKI therapy with or without *EGFR* mutation positivity, as well as in TKI naïve patients with adenocarcinoma and light smoking histories. All patients received daily oral neratinib. The primary end point was objective response rate. Diarrhea was the dose limiting toxicity, with grade 3 incidence of 50% initially, and therefore dose reduction was needed, which improved the grade 3 diarrhea rate to 25%. Of 167 patients treated, the response rate was 3% in patients with mutations, and zero in patients without mutations. TKI naïve patients also had zero response rate. Surprisingly, no patients with known T790M mutation responded. Interestingly, three of four patients with an exon 18 G719X *EGFR* mutation had a partial response and the fourth had stable disease lasting 40 weeks. The authors concluded that neratinib had a low response rate in patients who were pretreated with TKIs and in TKI naïve patients, with one explanation being possibility of low bioavailability of the drug due to diarrhea. Interestingly, responses were seen in patients with the rare G719X *EGFR* mutation. This study further highlights the importance of patient selection for future clinical trials \[[@B68]\].

### 4) AZD6244

This is a potent, and selective MEK inhibitor which is being studied in advanced NSCLC patients. Preclinical studies suggest that AZD6244 *in vitro* exhibited radiosensitizing effects in human cancer cell lines including a NSCLC cell line \[[@B69]\]. Similarly, combining AZD6244 with fractionated radiotherapy in lung and colon carcinoma xenograft models suggested a significant improvement in tumor growth delay \[[@B70]\]. Clinically, a randomized phase II study of patients receiving either 100 mg oral AZD6244 twice daily vs. pemetrexed once every three weeks was reported \[[@B71]\]. Eighty-four patients for whom this was second or third line therapy, were enrolled. Disease progression events were experienced by 28 (70%) and 26 (59%) patients in the AZD6244 and pemetrexed groups, respectively. Median progression-free survival was not statistically different between the AZD6244 and pemetrexed groups. For unselected NSCLC patients with advanced NSCLC, addition of AZD6244 did not seem to confer benefit to pemetrexed. Further development of AZD6244 therefore is also expected to require selection criteria, such as *BRAF* or *Ras* mutation positivity in patients with advanced NSCLC.

### 5) BIBF 1120

BIBF 1120 is a potent tyrosine kinase inhibitor which simultaneously inhibits VEGFR 1-3, fibroblast growth factor receptor 1-2, and platelet derived growth factor receptor alpha and beta. A phase I study was performed demonstrating that it was well tolerated to maximum tolerated dose of 250 mg twice/day \[[@B72]\]. In a phase II study of NSCLC patients failing first or second line platinum-based chemotherapy, BIBF 1120 was studied in 73 patients at 250 mg and 150 mg bid doses \[[@B73]\]. The median PFS was 6.9 weeks, and without a significant difference for either dose level. Median OS was 21.9 weeks. Tumor stability was achieved in 46% of patients (59% for ECOG PS 0-1 patients), and one patient at the 250 mg dose level achieved PR \[[@B73]\].

Conclusion
==========

Biomarkers, molecular therapeutics, advanced imaging technology, and advances in understanding of effective chemotherapy and radiation treatment integration, have led to an era where personalized medicine for NSCLC is becoming a reality. Studies after studies have pointed towards the need for careful patient selection when designing clinical trials incorporating molecular targeted agents. Effective biomarker development and integration of such into clinical trial design is essential as it becomes more and more clear that locally advanced NSCLC is truly a heterogeneous entity. Tailored, and personalized therapeutic strategies can only be developed when effective biomarkers are identified early on, in order to help improved the odds of using such approaches. There are certainly challenges that we can anticipate along the way towards an era of fully personalized medicine. For example, once numerous biomarkers have been elucidated, how will we decide which biomarkers are most important to test for further clinical trials? Furthermore, how will these studies be financed? In the era of tenuous healthcare finances, once FDA approved, will we have the funds to implement the needed studies, and be able to support payment for all the novel drugs coming out of the pipeline?

Finally, despite significant improvements rendered to stage III NSCLC in the past decades, it is sobering to realize that locally advanced NSCLC remains for the majority of patients, a deadly disease. We must improve our therapeutic development strategy, in order to maximize chance of future success for our patients who are bravely enrolling into clinical trials in hopes of providing valuable insights for future patients afflicted with this dreadful disease. As we embark on this era of personalized medicine for lung cancer therapeutics, we must embrace the opportunities ahead, by designing effective clinical trials, by enrolling patients in to such trials, and encouraging oneself, and others to persevere on with this exciting new paradigm for lung cancer treatment delivery despite the challenges that we will certainly face in the coming era.
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RTOG, Radiation Therapy Oncology Group; EGFR, epidermal growth factor receptor; RT, radiation therapy; OS, overall survival; CALGB, Cancer and Leukemia Group B; SWOG, Southwest Oncology Group; TKI, tyrosine kinase inhibitor; PFS, progression fress survival; VEGF-A, vascular endothelial growth factor A.
